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FOREWORD 
Analysis and forecasting of industrial robot (IR) 
penetration constitute one of the main activities of the 
I IASA Project "Computer Integrated Manufacturing" (CIM) . 
Advanced Industrial Robots are important components of CIM 
systems. 
The author has analyzed past penetration data of I.R. in 
the Japanese manufacturing industry in detail and he 
developed a macroeconometric model forecasting the future 
penetration of advanced industrial robots. This model 
integrates the approaches of two earlier CIM Working Papers, 
namely the production function appproach C Mori 871 and the 
learning curve approach CAyres & Funk 871. 
It is hoped that this model will also be a~plied to 
other countries, and that international comparisons wi 11 be 
made. 
Prof. Jukka Ranta 
Project Leader 
Computer Integrated Manufacturing 
A new econometric model to forecast industrial robot 
penetration is proposed. This model consists of the 
following three components: 
a) Application of a "learning curve" for industrial 
robot prices CAyres Sr Funk 8 7 3 ;  
b) Application of an extended production function 
taking account of industrial robot population 
effects CMori 871 ; 
c )  Introduction of a demand function for "augmented 
equivalent labor force", in order to integrate the 
above two components. 
The validation of the proposed model was made for the 
penetration of advanced industrial robots in the Japanese 
manufacturing industry. 
The forecasts of I. R. penetration by this model were 
compared with the simple logistic curve model and also with 
the forecasts by JIRA (Japan Industrial Robot Association). 
The a u t h o r  w i s h e s  t o  e x p r e s s  h i s  g r a t i t u d e  t o  P r ~ f .  R .  U .  
Ayres ,  D r .  S. Mori a n d  P r o f .  J .  Ran ta  f o r  t h e i r  h e l p f u l  
s u g g e s t i o n s  a n d  a d v i c e .  The a u t h o r  a l o n e  is, however,  
r e s p o n s i b l e  f o r  any  r e m i n i n g  e r r o r s .  
- v i i  - 
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I. Introduction 
It is one of the key issues to forecast the diffusion of 
CIM technologies in order to ascertain the economic and 
social impacts of the introduction of CIM. However, 
forecasting has the following two major problems. 
The first one is caused by the concept of CIM itself. 
Data of definite CIM are not available, because CIK is a 
system which integrates many components of factory 
automat ion. All we can obtain is limited to the data on the 
penetration of components, such as industrial robots, 
numerical control machine tools, CADICAM systems, etc. 
' T  ses~nd problem is related to the methodolo~y of 
forecasting the penetration of CIM. As described in the 
section on CIM of the IIASA Activity Plan, there are two ways 
to approach the "penetration" question. One is essentially 
empirical, i. e. , to extrapolate the historical trends forward 
in time. A logistic curve model is often applied to forecast 
the diffusion of new goods. Although this is the only 
feasible approach in some cases, it provides minimal insight 
to dec ision-makers. 
Theref ore it is highly desirable to supplement 
straightforward empiricism with a more sophisticated theory- 
based model. 
The purpose of this paper is to develop such a kind of 
model by introducing "learning curve" effects into the 
production function model, which was developed by S. Mori 
CMori 871. Some necessary modifications are made to 
integrate the two models. According to the data availability 
on diffusion statistics, we focus in this paper on the 
penetration model of industrial robots. 
I I .  Logistic Curve Hodel 
As a startiny point, we apply the logistic curve to the 
trend of the industrial robot population in the Japanese 
manufacturing industry. In order to study the penetration of 
I.R., we should select the country with the highest diffusion 
level. This is the reason why Japan was chosen CYonemoto 8 7 ,  
and Edquist & Jacobsson 861. 
According to the Japanese classification, industrial 
robots are classified into the following six types CJIRA-a 
851 : 
Type A: manual manipulator 
Type E:  fixed sequence robot 
Type C: variable sequence robot 
Type D: playback robot 
Type E: numerical control robot 
Type F: intslligent robot 
Sased on the diffusion patterns and the price levels, 
these six types can be grouped into two, namely conventional 
typs (A+B+C>, and advanced type ( D + E + F > .  
The data of the industrial robot population in the 
Japanese manufacturing industry are estimated from the 
dornest ic shipment data C J IRA 75-861 , assuming the replacement 
time of I. R. to be seven years C J IRA 841 and imports of 
robots to be relatively negligible. A standard logistic 
curve is shown below. 
where U(t) denotes the population of I.R. at time t. 
I n  o r d e r  t o  c l a r i f y  t h e  meaning of t h e  p a r a m e t e r s ,  w e  
c a n  t r a n s f o r m  t h e  above  f u n c t i o n  i n t o  t h e  f o l l o w i n g  form:  
-12. ( t - t m ) ,  U ( t >  = U m / C 1  + e (2 > 
where Urn a n d  t m  d e n o t e  t h e  s a t u r a t i o n  p o p u l a t i o n ,  a n d  t h e  
t i m e  when t h e  p o p u l a t i o n  r e a c h e s  h a l f  t h e  s a t u r a t i o n  l e v e l ,  
r e s p e c t i v e l y .  The l o g i s t i c  c u r v e  f u n c t i o n  shown i n  ( 2 )  is 
t h e  s o l u t i o n  of  t h e  f o l l o w i n g  well-known e q u a t i o n :  
Accord ing  t o  t h e  above  e q u a t i o n ,  t h e  p a r a m e t e r  c is 
p r o p o r t i o n a l  t o  t h e  s p e e d  of d i f f u s i o n  
The r e s u l t s  of l o g i s t i l =  c u r v e  f i t t i n g s  t o  I .  R .  
p o p u l a t i o n s  i n  t h e  J a p a n e s e  m a n u f a c t u r i n g  i n d u s t r y  a r e  shown 
i n  T a b l e  1 a n d  F i g u r e  1. 
W e  employed t h e  n o n - l i n e a r  least  s q u a r e s  method namsd 
Marquardt  f o r  l o g i s t i c  c u r v e  f i t t i n g .  
The r e s u l t s  show v e r y  good f i t t i n g s  t o  t h e  l o g i s t i c  
c u r v e  f o r  b o t h  t h e  c o n v e n t i o n a l  t y p e  a n d  t h e  advanced  t y p e .  
In  case of t h e  c o n v e n t i o n a l  t y p e  ( A + B + C > ,  t h e  p o p u l a t i o n  h a s  
been  s a t u r a t i n g  r e c e n t l y  
Acco rd ing  t o  t h e  above  r e s u l t s ,  t h e  p e n e t r a t i o n  of I .  R .  
i n  J a p a n  w i l l  p r o c e e d  m a i n l y  i n  t h e  advanced  t y p e  (D+E+F> 
a f t e r  t h e  y e a r  of 1985. 
T h e r e f o r e  w e  w i l l ,  i n  t h e  f o l l o w i n g  c h a p t e r s  of t h i s  
p a p e r ,  f o c u s  on  a n  advanced  r o b o t  t y p e  (D+E+F>, w i t h  s p e c i a l  
e m p h a s i s  on t h e  a s p e c t  of s u b s y s t e m s  i n  computer  i n t e g r a t e d  
m a n u f a c t u r i n g  s y s t e m s .  
Figure - 1
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T a b l e  1 
L o g i s t i c  c u r v e  f i t t i n g s  t a  I . R .  p o p u l a t i o n  i n  
t h e  m a n u f a c t u r i n g  s e c t o r  of J a p a n  
(Non- l inea r  l e a s t  s q u a r e s  methad)  
Robot t y p e  (D+E+F>* Robot t y p e  (A+B+C> * 
f  =I/[ a+b*EXP (-c*t > I f=l/C a+bkEXP ( - c * t ) l  
PARAMETERS ( I T =  13) PARAMETERS ( IT= 11) 
kR2 = .999144 
R S S = 1 4 . 5 0 6 8  
D . W .  = 1 .53659  
OBSERVED 1 
( i n  1000 u n i t s )  
*A: Manual M a n i p u l a t o r ;  B: F i x e d  Sequence ;  C: V a r i a b l e  
Sequence ;  D: Playback  Robots ;  E: NC Robots ;  
F: I n t e l l i g e n t  Robo t s  
1 1 1 .  Formulation of the Penetration Itodel 
Production Function Model 
At first we review the production function model 
developed by S. Kori CMori 871. The function depends upon 
the three heterogeneous production factors, namely Y (K, L, U> , 
where Y,K,L and U represent output in real terms, non-IR 
capital stock, labor in terms of total employment and I.R. 
population in the manufacturing industry, respectively. It 
is postulated that L and U are separable from K, namely 
F(L,U> can be interpreted as augmented equivalent labor 
force . According to the model developed by S. Kori, the 
following function form is assumed: 
Equation ( :5>  is a special form of the well-known CES 
production function. 
The optimal strategy of equation (5) is formulated as 
follows: 
max F(L, U> 
subject to W.L + P,.U = M 
where M, W and P, denote the total annual cost of labor and 
robots, annual wage and annual cost per robot, respectively. 
The equilibrium condition of (6) yields a well-known 
equation 
Annual c o s t  p e r  r o b o t  (P,) is c o n s i d e r e d  t o  be p r o p o r t i o n a l  
t o  i n d u s t r i a l  r o b o t  p r i c e  ( P ) .  T h e r e f o r e ,  P, is assumed as  
fo l lows :  
where d and r d e n o t e  t h e  r a t i o  of i n i t i a l  s y s t e m  c o s t  t o  t h e  
p r i c e  of i n d u s t r i a l  r o b o t s ,  and annua l  c o s t  ra te .  They a r e  
assumed t o  be c o n s t a n t .  According t o  t h e  assumpt ion  
d e s c r i b e d  above,  e q u a t i o n  ( 7 )  c a n  be r e p r e s e n t e d  a s  f o l l o w s :  
T h e r e f o r e  w e  c a n  estimate t h e  parameter  (A/ r .d>  and a by 
employing a l o g - l i n e a r  r e g r e s s i o n  a n a l y s i s  method. The 
parameter  r is assumed t o  be 25% (Low c a s e )  and 33% (High 
c a s e ) ,  a c c o r d i n g  t o  t h e  r e s u l t s  of S. Mori. The v a l u e  of d 
is assumed t o  be 2 . 0 7 ,  based upon t h e  s u r v e y  d a t a  of J IRA. 
Based on t h e  s e t - u p  of t h e s e  p a r a m e t e r s ,  w e  can  estimate 
t h e  augmented e q u i v a l e n t  l a b o r  f o r c e  F(1 ,U)  by u s i n g  e q u a t i o n  
(5). L e t  L, and E n  deno te  l a b o r  f o r c e  augmenta t ion ,  and 
e q u i v a l e n t  l a b o r  f o r c e  p e r  u n i t  i n d u s t r i a l  r o b o t ,  
r e s p e c t i v e l y .  They a r e  d e f i n e d  as  f o l l o w s :  
Equ iva len t  - l a b o r  f o r c e  demand model 
In  o r d e r  t o  f o r e c a s t  t h e  p o p u l a t i o n  of I .  R .  , w e  
f o r m u l a t e  t h e  e q u i v a l e n t  l a b o r  f o r c e  F as a f u n c t i o n  of v a l u e  
added i n  real terms (V). 
F = c.vC (12 > 
Learning curve model for industrial robot prices 
As shown in equation (9 ) ,  the ratio of robot price to 
annual wage is a key factor in promoting the penetration of 
industrial robots. Therefore, we introudce a "learning 
curve" or "experience curve"' for robot prices, where the 
price at time t is a function of the cumulative number N 
produced to time t. 
A simple dynamic theoretical model based on the 
"experience curve" for estimating private benefits (to the 
farm) has been briefly discussed, as well as an application 
of the model to predicting penetration rates CAyres & Funk 
871. In this paper, we estimate the learnirlg curve for 
industrial robots based on empirical data. 
We assume the following equation as a learning curve: 
Based upon the observed data on P and N, we can estimate 
the parameters B and b. 
The cumulative number of robots N produced to time t is 
defined as follows: 
where Xt denotes the number of robots produced at time t. 
Xt = (1 + a). Dt (15) 
'For a recent survey of the micro-economic literature, 
relating "experience curves" and cost functions, see 
[Gulledge and Womer 861. 
where D t  a n d  a d e n o t e  t h e  d o m e s t i c  s h i p m e n t s  t o  t h e  
m a n u f a c t u r i n g  i n d u s t r y  and  t h e  r a t i o  of non-manufac tur ing  u s e  
I n c l u d i n g  e x p o r t s  a t  t i m e  t .  
Assuming t h a t  t h e  l i f e  t i m e  of  i n d u s t r i a l  r o b o t s ,  1 .e .  
t h e  r e p l a c e m e n t  t i m e ,  is d i s t r i b u t e d  d u r i n g  m-1 t o  m+l,  D t  is 
r e p r e s e n t e d  a s  f o l l o w s :  
S t r u c t u r e  o f  t h e  p e n e t r a t i o n  model 
The whole s t r u c t u r e  a n d  d i a g r a m  of  t h e  I .  R .  p e n e t r a t i o n  
mechanism is shown i n  F i g u r e  2 .  T h i s  model i n c l u d e s  non- 
l i n e a r  s i m u l t a n e o u s  e q u a t i o n s .  T h e r e f o r e ,  a n  i t e r a t i o n  
method is employed t o  s o l v e  t h e  e q u a t i o n s .  I f  exogeneous  
v a r i a b l e s  V t ,  W t  and a a t  f u t u r e  t i m e  t are g i v e n ,  o u r  model 
c a n  f o r e c a s t  t h e  f u t u r e  p o p u l a t i o n  of I .  R .  
Figure 2: Diagram of Penetration Model 
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IV. Forecasting Future Penetration of I.R. 
Eased upon the formulation described before, we will 
forecast the future population of advanced industrial robots 
in the Japanese manufacturing industry in this chapter. 
Regression analyses give us the following estimations of 
the equations in our penetration model: 
Production function (see Table 2) 
log <Pt/Wt) = -0.2829 log (Ut/Lt) - 0.7718 (9' ) 
(0.8160) (8.0317) 
- 
R-' = 0.9874 R - =  0.9843 
A = 0.4621 .r.d 
where d = 2.07 and r = 0.25 (Case 1) or 
Equivalent labor force demand (see Table 3) 
Case 2 (r = 0.33) 
Learning curve for industrial robot prices (see Table 4 )  
Social Benefits of Industrial Robots in Japan 
(PBR+BCR+ ITR) 
Based upon Dr. MORI ' s Mode 1 
Manufacturing Sector 
RESULT OF REGRESSION ANALYSIS: LN(P,/W)=LN(A/rd)t<a-l>*LN(U/L> 
LN (A/rd> = -0.7718 F./W= 0.46214 X(U/L>' -8.2829 
STDOF ESTIMATION 0.03167 a= 8.71708 
R A 2 =  0.98742 .kR' 2= 0.98427 
NUMBER OF SAMPLES 6 
DEGREE OF FREEDOM 4 F(L, U > =  (L'atAtU-a>' (l/a> 
A= 0.46214 X rd 
COEF (a- 1 > =  -0.2829 d= 2.07 
STD OF COEF= 0.01596 r= 0.25 OR 0.33 
Data Sourco: W (Wage in manufacturing industry) CMOL 871 
U (Population of advanced industrial robots in 
manufacturing industry C J IRA 75-861 
P (Price of advanced industrial robots) [ J IRA 75-861 
L (Labor force in manufacturing industry)* 
*We use the I'opulation Census data of 1988 and 1985 CMCA 861 because 
of reliability and interpolate the figures from 1'381 to 1984 by using MCA 
annual data CMCA 871, instead of using the data of MITI which don't cover 
the whole manufacturine companies CMITI 881. 
Tablo 3 
Equivalent Labor Demand Estimation in 
Manufacturing Sector in Japan 
YEAR P O P t U )  L A B O R < L )  F < L , U )  R .  U A t U )  L N < F )  L N < V )  E S T C F )  
EQUIV. LABOR vs. VALUE ADDED 
Manufacturing Sector 
R.VA:IN lW"2 YEN OF 1980 
Case 1 (25%) 
RESULT OF REGRESSION ANALYSIS:LN(C)+cJLN(V> 
LN<c)= 8.94108 F= 7639.46 J (V) -0. 12970 
STD OF EST I MAT ION 0.00325 
RA2= 0.97582 * R A 2 =  0.96978 
NUMBER OF SAMPLES 6 
DEGREE OF FREEDOM 4 FCL, U>= (L*a+AXUAa> ^ (l/a> 
COEF c= 0.12970 A= 0.46214 :K rd 
STD OF COEF= 0.0 1020 rd= 0.5175 
a= 0.71708 
Table 3 tCont inuat ion! 
YERR P O P ( U )  L R B O R ( L )  F ! L , U )  R . V R < V )  L N < F )  L N ( V )  E S T C F )  
EQUIV. LABOF! vs. VALUE ADDED 
Manufacturing Sector 
R .  V A :  IN 18-12 YEN OF 1988 
(3a:;e 2 ( 3 3 % )  
RESULT OF REGRESSION ANALYSIS:LNtF)=LN(C)+cSLNtV) 
LN(C>= 9.92095 F= 7487.21 * t  V > ^  0. 13453 
STD OF ESTIMATION 0.00323 
RA2= 8.97784 *R' 2= 0.97230 
NUMBER OF SAMPLES 6 
DEGREE OF FREEDOM 4 F!L, U > =  (LAa+A*U'a) '(l/a> 
A= 0.46214 * rd 
COEF c= 0. 13453 rd= (6.683 1
STD OF COEF= 8.01012 a= 0.71708 
Data Source: V [Value added in manufacturing Industry) 
C El'A 137 1 
Table 4 
Rocont Trond of Advancod Indumtrial Robot Prico (PBR+HCR+ITR) 
I J R C < P )  PROOUNT C U M < N > *  L N ( F 8 )  L N ( N >  E S T t P )  
1 2 6 1 6 . 4  3 . 3 2 9  3 . 3 2 9  9 . 4 4 3  1 . 2 0 3  1 2 4 0 1 . 0  P :  I N  1000 Y E N / U N I  
1 0 5 4 0 . 7  5 . 8 8 3  9 . 2 1 2  9 . 2 6 4  2 . 2 2 1  1 0 6 0 6 . 3  N : I N  U N I T S  
9 2 8 5 . 0  1 0 . 5 0 3  1 9 . 7 1 5  9 .  136 2 . 9 0 1  9 5 6 1 . 3  
0 8 6 9 . 4  1 5 . 2 1 0  3 4 . 9 2 5  9 . 0 9 0  3 . 5 5 3  0 7 9 4 . 5  
0 3 4 6 . 1  2 3 . 0 5 6  5 7 . 9 0 1  9 . 0 3 0  4 . 0 6 0  8 1 6 6 . 3  
7 6 8 4 . 8  2 6 . 8 1 6  8 4 .  797  8 . 9 4 7  4 . 4 4 0  7 7 2 4 . 0  
LEARNING CURVE OF RECENT INDUSTRIAL ROBOT PRICE IN JAPAN 
RESULT OF REGRESSION ANALYSIS: LN(P)=LN(E)+blLN<N) 
LN (.B> = 9.68136 p= 14784. Y X N " (-0. 1462) 
STD OF ESTIMATION ERROR 8.82178 
RA2= 0.98799 tR'2= 0.98499 
NUMBER OF SAMPLES= b 
DEGREE OF FREEDOM= 4 P(2N)/P(N)= 0.90362 
LEARNING COEF= 9.64% 
COEFF I C I ENT b= -0.1462 
STD OF b= 0.00805 
*The cumula t ive  number of advanced i n d u s t r i a l  r o b o t  p r o d u c t i o n  b e f o r e  
1979 is small and its p r i c e s  a r e  u n s t a b l e  and lower t h a n  t h o s e  a f t e r  1980. 
T h e r e f o r e ,  we c o n s i d e r  t h e  d a t a  b e f o r e  1979 a s  a  p r i m i t i v e  k ind  of advanced 
type  r o b o t s ,  and n e g l e c t  such  d a t a  f o r  e s t i m a t i n g  " l e a r n i n g  curve" .  
The regression analyses shown above are carried out for the 
data from 1988 to 1985, because an advanced type of 
industrial robots has begun to diffuse in the Japanese 
manufacturing industry since 1980, as shown in Table 1. 
Other equations in our model 
B.k = N-r.-1 + Xt. (14 '  > 
X., = (1 + a> . D . .  (15' > 
1 Dt.. = U-,  - U.r..-1 + - (D.t..-6 + D.t,.-? + D t . - 8 )  3 (16' ) 
It is necessary for our forecasting efforts to assume 
the future trends of exogenous variables, V , ,  W.t. and a in our 
penetration model, as shown in Figure 2 
We set the following trends in these variables, as a 
base case of forecasts based upon recent trends: 
Annual growth rate of real Value Added CVI in the 
Japanese manufacturing industry: r = 5 %  
Annual increase rate of annual wage CWI in the Japanese 
manufacturing industry: J3 = 2% 
Ratio of non-manufacturing use: a = 0.35 (average of 
1984 and 1985) 
The results of the forecasts according to our model are 
shown in Table 5. 
We also estimated the industrial robot population from 
1981 to 1985 with our model and obtained a good fitting to 
the observed data as shown in Figure 3. 

F i g u r e  - 3 
P a s t  a n d  F u t u r e  P o p u l a t i o n  o f  I . R .  
( B a s e - c a s e  F o r e c a s t )  
p o p u l a t i o n  of I.R. ( U )  
( ~ o g  s c a l e )  
There a r e  f o u r  parameters ,  namely a,  J3, r and r ,  i n  our 
mode 1. The r e s u l t s  of t h e  f o r e c a s t s  a r e  dependent on t h e  
s e t t i n g  of t h e s e  parameters .  Therefore ,  we w i l l  c a r r y  out  
t h e  s e n s i t i v i t y  a n a l y s i s  of t h e  impacts by t h e  above 
parameters i n  t h i s  chap te r .  
The base c a s e  is s e t  t o  be a=@. 35, j3=0.02, r=0 .85  and 
r=0 .33 ,  a s  desc r ibed  i n  t h e  previous  c h a p t e r .  
I n  orde r  t o  e s t i m a t e  t h e  degree of impact by each 
parameter,  we s e t  t h e  fol lowing extreme c a s e s  of s e n s i t i v i t y  
a n a l y s i s :  
Base case  ( r=0 .33 ,  r = 0 . 0 5 ,  a=@. 35 and 8=0.02)  
Case R ( r=0 .25  > 
Case G (T=0. 10) I impact by t h e  annual growth r a t e  of va lue  added i n  m a n u f a c t u r i n ~  Case G (T=0.0 > 
Case A (a=@. 7 > I impact by t h e  r a t i o  of non- manufacturing use Case A (a=@. 0 > 
Case B <j3=0.04 > 3 impact by t h e  annual  wage inc rease  r a t e  Case B <P=0.0 > 
The f o r e c a s t  r e s u l t s  i n  t h e  i n d u s t r i a l  robot  popula t ion  
i n  1990 and 1995, a s  shown f o r  each case  i n  Table 6. 
According t o  t h e  r e s u l t s  of t h e  s e n s i t i v i t y  a n a l y s i s  
from our  p e n e t r a t i o n  model, t h e  cbnc lus ions  a r e  summarized a s  
fol lows:  
a )  There is l i t t l e  d i f f e r e n c e  between r=0 .25  and r=0 .33  
W e  can o b t a i n  almost  t h e  same f o r e c a s t  f o r  t h e  
i n d u s t r i a l  robot  popula t ion ,  whichever w e  chose as  an 
annual c o s t  r a t i o  t o  t h e  i n i t i a l  s y s t e m  c o s t .  
b )  The impact of t h e  annual  growth r a t e  of v a l u e  added i n  
t h e  manufactur ing  i n d u s t r y  on t h e  p o p u l a t i o n  of I . B .  
w i t h i n  t e n  pe rcen tage  p o i n t s  of t h e  f o r e c a s t s  is not  a  
major f a c t o r  d e c i d i n g  t h e  degree  of p e n e n t r a t i o n .  
c )  The r a t i o  of e x p o r t i n g  and non-manufacturing s e c t o r  use  
s e e m s  r e l a t i v e l y  impor tant  compared t o  t h e  above two 
pa ramete r s .  However, t h e  degree  of t h e  impact is 
l i m i t e d  w i t h i n  a  r ange  of 20%. 
d )  The most impor tant  f a c t o r  i n  our  p e n e t r a t i o n  model is 
c o n s i d e r e d  t o  be t h e  annua l  wage i n c r e a s e  rate .  T h i s  
parameter  g r e a t l y  i n f l u e n c e s  t h e  f u t u r e  p o p u l a t i o n  of 
i n d u s t r i a l  r o b o t s  a s  showrl i n  Table  6 .  The f o r e c a s t  
p o p u l a t i o n  i n  1995 r a n g e s  between 1184.0  i n  case of a  4% 
i n c r e a s e  and 1 1 7 . 5  i n  c a s e  of a 0% i n c r e a s e .  
T h e  r e a s o n  why t h e  wage i n c r e a s e  is s o  impor tan t  can  be 
s e e n  f rom Equat ion  (9 ) .  The r o b o t  p o p u l a t i o n  is mainiy 
i n f l u e n c e d  by t h e  r e l a t i v e  p r i c e  of r o b o t s  t o  wage <P/W).  In  
our  model, r o b o t  p r i c e  P d e c r e a s e s  a c c o r d i n g  t o  a  l e a r n i n g  
curve .  The h i g h e r  t h e  wage, t h e  more r o b o t s  a r e  produced and 
a  cheaper  p r i c e  of r o b o t s  can  be ach ieved .  The h i g h e r  wage 
and t h e  cheaper  p r i c e  w i l l  i n c r e a s e  t h e  demand f o r  i n d u s t r i a l  
r o b o t s  a c c o r d i n g  t o  Equat ion  ( 9 ) .  There is a  p o s i t i v e  feed-  
back i n  our  p e n e t r a t i o n  model as  shown i n  F i g u r e  4 .  
F i n a l l y ,  w e  compared our  f o r e c a s t s  t o  o t h e r  f o r e c a s t s .  
A s  shown i n  t h e  second Chap te r ,  t h e  f o r e c a s t  by a  l o g i s t i c  
c u r v e  f i t t i n g  method shows t h e  s a t u r a t i o n  l e v e l  of a n  
advanced i n d u s t r i a l  r o b o t  p o p u l a t i o n ,  namely 1 4 1 . 6 .  T h i s  is 
a  c o n s i d e r a b l y  s m a l l  p o p u l a t i o n  compared t o  t h e  r e s u l t s  of 
our  p e n e t r a t i o n  model d e s c r i b e d  i n  t h e  p r e v i o u s  c h a p t e r .  
Table 6 
Results of Sensitivity Analysis 
r Robot Population (in 1000 units) 1 1 Case 
Base case* --1-. 1 1 3 6 5 . 2 -  1 
Case G (I'=0. 10) 162.7 (+ 5.6%) 406.8 (+ 11.4%) 
Case G (I '=0.0) k 145.6 (- 5 . 5 % )  326.3 (- 10.7%) 
---------- - 
Case A (a=@. 7 > t 178.8 (~8iT-w 442.1 2 1 . 4  
Case A (a=@. 0 > 132.2 (-14.2%) 293.0 (- 19.8%) 
Case B (J3=0.04 > k 282. 1 (+83.1%> 1184.0 (+224.2%) ( case B (~3=0.0)  1 86.4 (-43.9%) 1 117.5 ( - 6 7 . 8 % )  1 
* 
r=@. 33, r=@. 05, a=@. 35 and !3=0.02 
Figures in ( > show the degrees of difference to the results 
of the base case. 
V i n c r e a s e  7 
P/V d e c r e a s e  
p o s i t i  
v 
< P d e c r e a s e  
v e  feed-back 
Figure  4 :  P o s i t i v e  Feed-back In P e n e t r a t i o n  Model 
On t h e  o t h e r  hand ,  JIRA carried o u t  f o r e c a s t s  of 
i n d u s t r i a l  r o b o t  p o p u l a t i o n  by t y p e s  f o r  t h e  m a n u f a c t u r i n g  
i n d u s t r y  C J  IRA 85bl  , based upon t h e  s u r v e y  d a t a  on r o b o t  
u s e r s .  Accord ing  t o  t h e  r e s u l t s  of t h e  f o r e c a s t s ,  t h e  
p o p u l a t i o n  of  advanced  i n d u s t r i a l  r o b o t s  is p r o j e c t e d  t o  be 
1 6 1 . 6  i n  1990 ,  and  327.4  i n  1995,  which is s i m i l a r  t o  oun 
f o r e c a s t s  of  t h e  base case. 
Our p e n e t r a t i o n  model is c o n s i d e r e d  t o  be t o o  s e n s i t i v e  
w i t h  r e s p e c t  t o  p a r a m e t e r  p ( a n n u a l  wage i n c r e a s e  ra te)  t o  
f o r e c a s t  t h e  f u t u r e  p o p u l a t i o n  of i n d u s t r i a l  r o b o t s .  I n  
o r d e r  t o  na r row down t h e  r a n g e  of  u n c e r t a i n t y  i n  o u r  model,  
some m o d i f i c a t i o n s  would have  t o  be made t o  p a r t  of t h e  
l e a r n i n g  c u r v e  i n  f u r t h e r  i n v e s t i g a t i o n s ,  b e c a u s e  t h e  r o b o t  
p r i c e  i n  c u r r e n t  v a l u e s  h a s  t h e  t e n d e n c y  t o  i n c r e a s e  i n  t h e  
l o n g  t e r m ,  a s  t h e  wage i n c r e a s e s .  
One of t h e  m o d i f i c a t i o n s  i n  o u r  model is shown i n  
Appendix B. 
N e v e r t h e l e s s ,  i t  is p o s s i b l e  t o  d r a w  some c o n c l u s i o n s  
f r o m  t h e  f o r e g o i n g  a n a l y s i s .  The p e n e t r a t i o n  of  i n d u s t r i a l  
r o b o t s  g r e a t l y  d e p e n d s  on t h e  decrease of  t h e  r o b o t  p r i c e  and  
on t h e  wage i n c r e a s e .  I n  p a r t i c u l a r ,  t h e  l e a r n i n g  c u r v e  f o r  
t h e  r o b o t  p r i c e  p l a y s  a n  i m p o r t a n t  r o l e  a s  a  d r i v i n g  f o r c e  
mechanism -- t h r o u g h  a p o s i t i v e  feed-back  l o o p  -- t o  a w i d e  
d i f f u s i o n  of  i n d u s t r i a l  r o b o t  t e c h n o l o g i e s  i n  t h e  
m a n u f a c t u r i n g  i n d u s t r y .  
I t  may be c o n c l u d e d  t h a t  t h e  model p roposed  h e r e  c a n  be 
r e g a r d e d  a s  a u s e f u l  s t e p  t o w a r d s  f u r t h e r  i n v e s t i g a t i o n s  on 
t h e  p e n e t r a t i o n  mechanism of  new t e c h n o l o g i e s  s u c h  a s  CIM. 
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Appendix A 
Variable Definition 
total employment in manufacturing industry (for 
1000 persons) 
U population of industrial robots (in 1000 units) 
F augmented labor force (for 1000 persons) 
W annual wage (in 1000 yen/person) 
P price of industrial robots (in 1000 yen/unit) 
LR labor force augmentation LR = F - L 
- 
F-L 
equivalent labor force per unit of robot E - -- R- U 
value added in manufacturing industry (in 1980, 
trillion yen) 
N .t cumulative number of industrial robots produced 
to time t (in 1000 units) 
x t number of indu.stria1 robot production at time t 
(1000 units) 
D t. domestic shipment of industrial robots to 
mtnuf acturing industry (in 1000 units) 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
parameter of labor augmentation subproduction 
function 
A parameter of labor augmentation subproduction 
function 
d ratio of initial system cost to robot price 
r annual cost ratio to initial system cost 
c parameter of equivalent labor force function 
C parameter of equivalent labor force function 
b parameter of learning curve function 
B parameter of learning curve function 
a non-manufacturing use ratio 
P annual wage increase rate 
annual growth rate of value added in 
manufacturing 
Appendix B 
An Alteraativm Hodel for Penetration Porecamting (Nodal I f )  
This model is different from the model (Model I) 
described in the previous chapters from the point of 
employing a learning curve for P/W (relative price of robots 
to wage) instead of P in Model I. In addition, we suppose 
that <P/N>t depends upon N . . .  instead of N+. . Assuming 
equation (17) as a kind of learning curve, we can forecast 
the population of industrial robots without a simultaneous 
equation problem. 
In this model, variables P and W are eliminated by 
substituting (17) into (9) as shown below. 
Therefore, this model does not need the assumption on j3 
(annual wage increase rate). The results of the regression 
analysis, the forecasting and sensitivity analysis are shown 
in Table 7, Table 8 and Table 9, respectively. 
Model I 1  yields the lower future population of 
industrial robots with a narrower range of forecasts than 
that of Model I, though the estimate errors between 1981 and 
1985 are larger than in Model I. The result of Case G 
(r=O.O> is similar to that of the logistic curve model. 
Compared with the forecast by JIRA, the forecast population 
of I. R. in 1995 by this model is half of the former. It is 
necessary to carry out further investigations which would 
make this model more realistic. 
Learning Curve f o r  P/w (Hodel 1 1 )  
Rocent Trend of Advanced Industrial  Robot Pr ice  
<PBR+BCR+ I  TR ; BC T- 1 I 
Learning Curve of Recent 1ndu:strial  Robot Pr ice  i n  Japan 
Result of Regression Analysis: LN(P,, 'W>= LNtB>+btLN(N) 
L N ( E ) =  1.41188 F/W= 4 .  10841 * N , . .  , (-0.15561 
Std  of Estimation Error  0.02106 
RA2= 0.98928 *R"2= 0.98571 
Number of Samples= 5 
Degree of Freedom= 3 P/W(2N) /P/W ( N > =  0.89774 
Learning Coef= 10.23% 
Coef f i c  l e n t  b= -0.1556 
Std of b= 0.00935 
Results of Forecasting (nodel I I )  
SIMULATION OF IR PENETRATION 
ALPHA (a) r G M ( r )  
0. :350 0.330 0. (650 
Y E R R  U C T )  L i T )  F i T )  F - T  ( F - L ) / U  P/W 
1 9 0  1  1 1 . 5  1 3 3 0 7 . 9  1 3 3 4 5 . 2  3 7 . 2  3 . 2 4 1  3 . 4 0 1  
1 9 8 2  2 0 . 2  1 3 3 9 0 .  3  1 3 4 4 6 . 3  5 6 .  0  2 .  7 6 7  2 . 9 0 3  
1 9 8 3  3 1 . 0  1 3 5 1 0 . 1  1 3 5 8 6 . 4  7 6 .  3  2 .  4 5 0  2 . 5 7 0  
1 9 8 4  4 3 . 1  1 3 6 9 0 . 9  1 3 7 8 7 . 8  9 6 . 9  2 . 2 4 9  2 . 3 5 9  
1 9 8 5  5 7 . 5  1 3 8 1 9 . 5  1 3 9 3 8 . 9  1 1 9 . 5  2 .  0 7 9  2 . 1 0 0  E s t i m a t i o n  
1 9 8 6  7 1 . 2  1 3 8 9 1 . 2  1 4 0 3 0 . 7  1 3 9 . 5  1 . 9 6 0  2 . 0 5 5  
1 9 8 7  0 0 . 7  1 3 9 7 0 . 2  1 4 1 2 3 .  1  1 5 2 . 9  1 . 0 9 5  1 . 9 8 6  F o r e c a s t i n g  
1 9 0 0  0 0 . 2  1 4 0 5 2 . 8  1 4 2 1 6 .  1  1 6 3 . 3  1 .  8 5 1  1 . 9 4 0  
1 9 8 9  9 5 . 7  1 4 1 3 6 . 3  1 4 3 0 9 . 8  1 7 3 . 4  1 . 8 1 2  1 . 8 9 9  
1 9 9 0  1 0 4 .  1  1 4 2 1 9 . 5  1 4 4 0 4 . 0  1 8 4 . 5  1 . 7 7 3  1 . 8 5 8  
1 9 9 1  1 1 3 . 5  1 4 3 0 2 . 2  1 4 4 9 8 . 8  1 9 6 . 7  1 . 7 3 3  1 . 8 1 6  
1 9 9 2  1 2 3 . 8  1 4 3 0 4 .  7  1 4 5 9 4 .  3  2 0 9 . 7  1 . 6 9 4  1 . 7 7 4  
1 9 9 3  1 3 4 . 6  1 4 4 6 7 . 4  1 4 6 9 0 . 4  2 2 3 . 0  1 . 6 5 7  1 . 7 3 6  
1 9 9 4  1 4 5 . 1  1 4 5 5 1 . 4  1 4 7 0 7 . 2  2 3 5 . 8  1 . 6 2 5  1 . 7 0 2  
1 9 9 5  1 5 5 . 0  1 4 6 3 6 . 9  1 4 0 8 4 . 5  2 4 7 . 7  1 . 5 9 8  1 . 6 7 3  
Tabla 9 
Results of Sensitivity Analysis <-el 11) 




~ C a s e A ( a = 0 . 7 )  1 1;;:: 1 180.6  (+16 ,5%)  1 
Case A (a=@. 0 )  131 .3  (-15.3%) 
* r= 0 . 3 3 ,  r =  0 . 0 5  and a= 0 . 3 5  
Popula t ion  of I n d u s t r i a l  Robots 
( i n  1008 u n i t s )  
1990 
103 .1  
1995 
155 .0  
